HIS ARTICLE IS A STUDY of the temperature conditions of frozen soils at the foundation bed of the VSTO-1 underground pipeline. It establishes the primary and secondary factors which affect these soils' thermal state. In particular, this work demonstrates that there is no link between average annual air temperatures and a change to the temperature of frozen soils depth of yearly zero amplitudes close to underground sections of the oil pipeline route. As a first approximation, relationships were found for stabilizing the soil temperatures at the foundations of pipe hanging supports in underground sections over time with a combination of heat-insulating coatings and soil-temperature stabilizers. Primary and secondary factors were established which affect the thermal state of soils at the foundations of pipe hangers in the underground sections.
Introduction
Developing and improving trunk pipeline transport is one of the most important global trends in the area of economic, political, and social stability. Countries leading the way in oil transport in conditions where frozen soils are prevalent include Russia, the USA, Canada, and Norway. Oil transport in Russia is complicated not only by harsh natural and climatic conditions; it is further affected by the significant length of trunk pipelines in operation and under construction which run through areas that are difficult to access, such as the Eastern Siberia -Pacific Ocean pipeline, the Zapolyarye -Purpe pipeline, the Kuyumba -Taishet pipeline, and the Skovorodino -Mohe pipeline.
At present, the longest oil pipeline in Russia is the VSTO Eastern Siberia -Pacific Ocean pipeline system at 4,740 km. This oil pipeline runs through the Taishet in the Irkutsk Oblast to the oilloading port of Kozmino in Nakhodka Bay. The considerable length of the pipeline system's route, both from West to East and from North to South, is characterized by difficult natural, climatic, engineering, and geological conditions, which are determined by its geographical location.
A high level of difficulty for construction and operation is characteristic for the territory through which the VSTO-1 route runs. This can be explained by the lack of infrastructure in many sections, and factors including the presence of rocky and sandy soils, bogs, taiga, high seismicity, significant quantity of water obstacles, widespread permafrost soils, and high variations in air temperature.
There are only two completed oil pipelines in the western hemisphere which are similar in problems of operation and natural conditions. These are the Trans-Alaska oil pipeline in the USA, and the Norman Wells pipeline in Canada. In 2016 in Russia the Zapolyarye -Purpe oil pipeline was commissioned and is located in the eastern hemisphere.
All these oil pipelines -VSTO and Zapolyarye -Purpe in Russia, the Trans-Alaska pipeline in the USA, and the Norman Wells pipeline in Canada -have one fairly significant circumstance in common: they are all built in regions where permafrost soil is prevalent [1, 2, 3] . Although the Trans-Alaska oil pipeline and the Zapolyarye -Purpe pipeline were built on the principle of above-ground construction, while the VSTO-1 and Norman Wells pipelines are underground, the problems of the geothermal condition of the frozen soils which form the foundation bed for the pipelines remain one of the key challenges for geotechnical monitoring, as well as scientific research and pilot construction works.
In this study, the results of evaluation and analysis are presented for the temperature conditions of frozen soils in the foundation bed of underground in a linear section of the VSTO-1 pipeline1 at the Olyokminsk testing site. The primary and secondary factors which influence their thermal condition are also discussed.
• In particular, on the basis of the methodologies developed by Pipeline Transport Institute for determining the thermal condition of soils in the foundation bed and of developed technical solutions, the following results were obtained: regarding the influence of average annual air temperatures on the change in annual temperature of frozen soils at a zero depth;
• primary and secondary factors were identified which influence the thermal condition of soils in the foundations of hangers for oil pipelines in underground sections.
The results of research data allowed us:
• as a first approximation to establish the relationship of stabilizing the soil temperatures in foundations of pipe hangers at underground sections, over time, with a combination of heat-insulating coatings and soil-temperature stabilizers; • to suggest a range of measures to increase the efficiency of soil-temperature stabilization at the foundations of the VSTO-1 oil pipeline, as well as to increase the efficiency of monitoring operations.
Among the issues which have not yet been mentioned, it is worth noting modelling of the thermal condition of the soil-pipeline system, using soil-temperature stabilizers and heat-insulating coatings, is among a range of observations, as well as improvements to the methodology for monitoring the thermal condition of frozen soils using high-speed drilling technology.
These and other questions will be examined in subsequent studies.
Methods
The research methodology included studying the temperature conditions at the Olyokminsk site of the VSTO-1 pipeline system ( Fig.1) , in the period from 2010 to 2017, during a period of maximum frost penetration and thawing of soils, respectively, in November and June. The research methodology included several stages:
• As the first stage, reconnaissance works were carried out connected with collecting and processing information obtained over many years of research into the temperature conditions, the lithological composition of the soils, and the geomorphological zoning of results on the basis of aerial photography analysis.
• At the second stage, the baseline temperatures of the soils were evaluated and analysed, taking into account the climatic datasets, obtained from the nearest weather stations.
• The third stage included analysis and assessment of soil temperatures at the foundation bed at the Olyokminsk test site obtained from the nearest weather stations.
• The fourth stage consisted of studying soil-temperature stabilization at the foundations the pipeline hangers at the Olyokminsk test site, from June 2015 to August 2017, with a combination of heat-insulating coatings and soil-temperature stabilizers.
The aim of thermometric observations the Olyokminsk test site of the VSTO-1 pipeline system with permafrost soils was the constant monitoring of the actual soil temperature, in order to confirm the load-bearing capacity of the soils and to evaluate the efficiency of temperaturestabilization measures.
The location of thermometric boreholes was determined in two stages:
• determining the sections of the route where it was necessary to constantly monitor the actual temperature of the permafrost soil (including sections where measures for passive soil-temperature stabilization were anticipated, in particular the use of heat-insulating screens -made from slabs of extruded polystyrene foam -between the lower surface of the oil pipeline and the frozen soil at the foundation); • determining the location of thermometric boreholes at sections with permafrost, where constant monitoring of the actual soil temperature is necessary:
• at sections with permafrost where, according to the results of calculation, the strength condition would not be adequate [5, 6] ; • at sections with permafrost, where measures for passive soil-temperature stabilization are anticipated; • at sections with permafrost where soil-temperature stabilization measures were implemented while the pipeline was laid on supports.
Baseline soil temperature was measured at a distance of 10 -15 m from the pipe, and the soil temperature close to the underground pipeline was measured at a distance of 2.5 -4 m from the pipe. The soil temperature for a pipeline constructed on hangers was measured inside a hanger equipped with a thermometric sensor, and outside at a distance of 0.7 -1.0 m. (Table 1) .
Results

Geomorphological, climatic and engineering-geological conditions
While reconnaissance surveys were carried out, including collecting and processing information obtained over many years of research into the temperature conditions and lithological composition of the soils, and into the geomorphological zoning of results based on analysis of aerial photography, the following information was obtained and updated.
In terms of geomorphology, the Olyokminsk test site is located within the area of the Prilenskii Highland region of the Central Siberian Plateau, at 340 -510 m above sea level. Within its area, denuded surfaces stand out with absolute elevations of 420 -510 m, 380 -420 m, and 300 -380 m, which are distinguished from one another by ledges, clearly shown in the terrain. The largest area in the given section has an erosional-denuded and erosional-accumulative terrain.
The modern hydrographic network in the region has a netlike pattern, and valleys extending to the NE and NNW prevail. The distribution of the river network, as well as the morphology of the river valleys, is determined by the geological-structural conditions in the region and the fracturing of the Cambrian carbonate rocks.
For this area, a relatively harsh continental climate is characteristic, distinguished by a moderately warm summer and a harsh winter with relatively little snow. The radiation balance has negative value from October to March. Precipitation falls primarily during the summer, 4 -5 times as much as during the winter, which is twice as long as summer. The annual total precipitation is 200 -300 mm.
The average temperature for January varies from -25.2°C to -34°C; the average temperature for July ranges from +12°C to +16 °C. Cyclonic activity raises the quantity of precipitation sharply. Over 2 -3 months, more than half the annual precipitation total falls, with maximum in July and the first half of August.
Based on the results of engineering-geological surveying, the section of Quaternary deposits has been studied to a depth of 10 m. Upper-Quaternary deposits are QIII, and Alluviums I and II of the above-floodland terraces with heights of 10 to 30 m along the Rivers Lena, Olyokma, and Chara are interpreted to be Upper-Quaternary deposits. The deposits are represented by loams and sands with interbedded shingles formed from pebbles of quartz, quartzite and igneous rocks. The depth of the deposits is usually not large and only occasionally reaches 15-20 m, and up to 36 m in the lower reaches of medium and small rivers.
The Olyokminsk test site of the VSTO-1 oil pipeline route is located in an area which, at a small scale, belongs to a zone of massive-insular spread of permafrost. The depth of this zone of permafrost rocks is up to 100 m [4] .
Permafrost rocks at this section of the route are characterized by a distribution that is predominantly interrupted in area and continuous along the vertical (unstratified). Areas where crystalline Pre-Cambrian rocks are widespread in the permafrost account for up to 80% of the entire area. Within the limits of sedimentary-rock distribution (Lena-Aldan Plateau), permafrost formations occupy no more than 50 -60% of the territory. One distinguishing feature of this section of the route is the variation in frozen conditions depending on zonal and non-zonal factors (the altitude of the area and its position on the terrain).
The least harsh frozen conditions belong to regions with levelled, highland, terrains and especially to their watershed areas. One important feature of these sections in engineeringgeological terms is the deep seasonal frost penetration and thawing of the ground, which reaches 3 to 6 m, and the dynamic nature of their frozen condition -including the possibility of twoway transition of rocks from a frozen to a thawed state and vice versa. This is due to the wide development in the given territory of rocks with an average annual temperature close to zero.
The most typical soils in the layer of seasonal freezing and thawing along the entire route are pulverescent loams, from light to heavy. Less commonly, sands can be found with interlayers of sandy loam and loams, often containing elements of gruss and detritus. The depth of seasonal thawing in these soils varies from 1 to 2.5 m. The minimum depth of seasonal thawing in these soils -0.5 to 1.5 m -is found in waterlogged sections of river valleys where peat and peaty loams are present in the cross-section.
Overall, for watershed surfaces of regions with highland terrain, the insular development of frozen earth is characteristic, while for the slopes of river valleys, unbroken development is more common.
In the period of engineering-geological surveying of the oil pipeline route, the top of frozen rock was found at a depth of 0.2 to 17.7 m. The average annual temperature of soils varied from -0.15°C to -3.8°C. The exposed depth of permafrost soils reached 20.0 m. Among the dangerous geological processes, it is worth noting thermokarst, erosion, and waterlogging.
Geomorphological, climatic and engineering-geological conditions thus distinguish this area of the test site of the VSTO-1 route by their high complexity and high contrast. The frozen conditions indicate the presence of high-temperature soils at the foundation bed (the temperature of permafrost soils is more than -1.5°C), with a depth of seasonal soil thawing, depending on the lithological composition and geomorphological conditions, from 3 to 6 m.
Thermal conditions
Research was carried out into the thermal conditions of soils at the Olyokminsk test site, with the following results. According to data from December 2010, the baseline soil temperature in thermometric borehole TS 1-3, located at a distance of 10 m from the pipe, it was established that the depth of seasonal freezing and thawing varies from 1.5 to 2.0 m. The soil temperature at a depth of 10 m was -1.2°C, which characterizes the type of permafrost soils as high-temperature (greater than -1.5°C).
In order to establish the possible influence of changes to the average annual air temperature on the long-term temperature conditions of soil at the foundation of the underground oil pipeline, a correlational analysis was carried out for the average annual air-temperature data (obtained from the Olyokminsk weather station between 2005 and 2016 - Table 1) , with data from temperature measurements of frozen soil at a depth for the period from 2010 to 2016. The data from temperature measurements for the frozen soil were obtained from thermometric borehole No.3 (TS 1-3), located at a distance of 10m from the oil pipeline (Fig.2 , Table 2 ). The following conclusions were established from analysis at the Olyokminsk test site on the route of the VSTO-1 underground oil pipeline:
• There is only an insignificant correlational link between the influence of the average annual air temperature and the change in frozen soil temperature at a depth of annual zero amplitude (Fig. 3 ).
• An increasing trend is characteristic both for the increase in average annual air temperature and for the increase in frozen soil temperature.
• The variation in the frozen soil temperatures with depth at a distance of 10 m from the oil pipeline, over a seven-year period, was 0.75°C (from -1.10°C to -0.35°C).
• The average air temperature, according to data from the Olekminsk weather station, over 
Fig.5.Process of carrying out a series of oil pipeline reconstruction works at the Olyokminsk test site on the section of route of the VSTO-1 oil pipeline. (a -left) intstalling of double layer of thermal insulation with thickness of 200 mm; (b -right) finishing installing of pipe hangers for the underground oil pipeline, as well as piled soil-temperature stabilizers.
a seven-year period was -5.6°C with maximum deviation of 1.5°C from the average annual air temperature, with temperatures increasing (-4.1°C in 2015) and decreasing (-7.1°C in 2012).
Furthermore, during pipeline operation and monitoring of the temperature condition of soil at the pipeline foundation, at a distance of 1 m from the pipeline, the following results were obtained.
At the test site over the period from January 2011 to November 2013, an increase in the depth of seasonal freezing and thawing in the soil from 2 m to 6.5 m was observed, while the temperature of the frozen soil at a depth of 10 m increased by 0.82°C and varied from -1.2 to -0.3°C (Fig.4) .
The established increase in temperature and increase in depth of thawing in soil at the foundation required a geotechnical solution to stabilize and decrease the soil temperatures at the foundation at the Olyokminsk test site of the VSTO-1 pipeline system.
In March 2014, at the route test site, pilot works were carried out to stabilize the temperature condition of the soil, including installing thermal insulation with thickness of 100 mm on the oil pipeline, and with additional thermometric borehole equipment. Segments of extruded polystyrene foam were used as a heat-insulation coating for the pipeline.
Monitoring of the temperature condition of the soil at the foundation over the period from November 2014 to November 2015 after thermal insulation had been installed on the pipeline showed that there was an increase in the temperature of permafrost soil in the thermometric borehole, located 1 m from the pipeline. the permafrost were noted. These were 0.5 -2.4 m, with the exception of one section, where the top of the frozen soil remained at the previous level.
In connection with this, in 2015, the decision was made to fit a second layer of thermal insulation, and to install pipe hangers for the underground oil pipeline, as well as piled soil-temperature stabilizers (Fig.5) . These measures aimed to guarantee the design strength and stability of the oil pipeline, and were taken as a result of the possible soil subsidence at the foundation, and also with the oil pipeline achieving its designed carrying capacity, and with an increase in the temperature at the surface of the pipe wall from +15 o C to +32 o C.
The results of geothermal monitoring of soils at the foundation at the Olyokminsk test site of the VSTO-1 pipeline system which was being reconstructed allowed the following to be established.
Measurements of baseline soil temperatures in the period from 2010 to 2017 testify to the lasting high-temperature character of the soils (> -1.5 o C) in their natural state, according to the data from the thermometric borehole TC 1-3, located at a distance of 13 m from the oil pipeline.
Moreover, at a depth of 10 m, an increase in soil temperature can be observed from -1. Analysis of soil-temperature measurements at the foundations, located 2 m from the pipe hanger, indicate the development of both degradational and aggradational processes. Compensatory measures were taken as a result of this, specifically the installation of a 200-mm thick thermalinsulation layer and soil-temperature stabilizers mounted in the pipe hangers of the pipeline (Fig.8) .
From the moment of installation of this thermal-insulation layer, the depth of the top of the permafrost increased from 5 to 7 m in the period from July 2015 to November 2016. This finding The increase in the depth of permafrost soil from the moment when reconstruction work on the section of pipeline was completed testifies that there were processes which had a warming influence on the soil at the foundation. These were replacing and backfilling the soil under the pipeline foundation; backfilling the oil pipeline with soil from the side of the trench; as well as the temporal factor, including the period of construction and installation works, and especially the amount of heat from solar energy, precipitation, etc.
As a first approximation, it can be noted that the decrease in the depth of the top of the permafrost apparently indicates the completion of degradation processes in frozen soil as a result of the pipeline's impact. This includes the avoidance of the warming effect of the pipeline surface, with pipe wall temperature +15 o C, as well as carrying out construction works to apply a thermal-insulation layer on the oil pipeline.
Studying the temperature condition of the frozen soil at the thermometric boreholes TS 3-1 and TS 3-2, at the Olyokminsk test site, showed that at the moment when installation of pipe hangers was completed, in July 2015, the soil temperature at the hanger itself and at a distance of 1.0 m from it, at a depth of up to 15 m, was within the range of positive values (Figs 9 and 10) .
Apparently, this is as a result of the warming impact of pipeline operations over a five-year period, as well as of construction work to reconstruct this section with overlay, and climatic factors: solar energy and precipitation.
In June 2016 the results of measuring soil temperature at this section of the route showed a positive change towards the development of aggradation processes in frozen soils. According to data from the thermometric borehole TS 3-1, the temperature in the pile showed negative values at a depth of more than 15 m; minimum and maximum temperatures for the depth of the pile were from -0.06 to -0.27 o C (Fig.9) . In June 2017 temperatures in the pile showed lower values from -0.38 to -0.53 o C, while at the same time the depth of seasonal frost penetration in the soils was 6 m.
According to data from the thermometric borehole TS 3-2, located 1 m from the pipeline support, in June 2016 the temperature of the soil along the cross-section of the well also showed negative values up to a depth of 13 m, while at a depth from 13 to 15 m positive temperatures were recorded (Fig.10) . In June 2017 the soil temperatures showed lower values at a depth up to 15m, and were from -0. At the present time, the data available from monitoring the temperature condition of soils For a full analysis and evaluation of the factors affecting the thermal condition of frozen and thawing soils, as well as for a forecast of the thermal condition of soils over time and area, it would be necessary to perform physical-mathematical modelling of the processes in the climatepipeline-soil system with a set of results from direct methods of geotechnical monitoring of the condition of the pipeline and soils located in natural and disturbed states.
Discussion
The results described here from research into the thermal condition of soil at the foundation of an underground oil pipeline are one of the fundamental elements of monitoring and evaluation of the technical condition of the VSTO-1 pipeline. This is because soils at the foundation of the oil pipeline distribute in space and over time the static and dynamic loads from the engineering structures being built on them. Variation in the temperature of frozen soils leads to a change in their physical and mechanical properties, structure, and composition due to the proportion of free and unfrozen trapped water and ice in the frozen soil. This is both a reason for subsidence and development of viscoplastic deformations and, as a consequence, for lowering the load-bearing capacity of the soils. Therefore, establishing the factors which affect the thermal condition of the soils at the foundation is a high-priority task in carrying-out preventive and compensatory measures, aimed at preserving and stabilizing the temperature of soil at the pipeline foundation. According to the results of research, the primary factors affecting the thermal condition of soils at the foundation of an underground oil pipeline include technology-related factors most relevant in the short-to mid-term periods, while the natural and climatic conditions of the area are relevant in the long-term period (Table 3) . However, these natural, climatic, and technologyrelated factors are interlinked. A change to one of them strengthens the contribution of the other to the thermal condition of soil at the pipeline's foundation.
According to the research results, the correlation between the average annual air temperature and a change in the temperature of frozen soils at the pipeline foundation indicates that the climate does contribute to the change in the thermal condition of the frozen soil at the foundation in the given location. At the same time, the short data set of average annual air temperatures and for soil temperatures at a depth of zero annual amplitudes, located at a small distance from the oil pipeline (10-13 m), does not allow an objective evaluation to be made of the impact of the climate on the change to the present condition of the soil at the foundation. This would require further research to be carried out. However, it is worth noting that in the long-term, apparently, the impact of the climate on the thermal condition of soil at the foundation of the oil pipeline will increase.
The change in the thermal condition of the soil at the foundation the oil pipeline is most noticeable given the change in the condition of the surface of the area and the soil during construction works. Another factor is the warming impact of the oil pipeline, the temperature of which is +15 o C at the surface of the pipe. As can be seen from analysis of the temperature of soils which form the pipeline foundation, technological factors can lead to degradation of frozen soils over a short time, over 3 -5 years. At the same time, the contribution of the climate increases sharply, with the change of such characteristics as: albedo (disturbance to the soil and vegetation cover, water content of the area), thermophysical properties of the soil (change to the structure and composition of backfilling soil, including due to increasing its moisture content, with the buildup of precipitation (above-permafrost waters) in the trench where the underground pipeline is laid), as well as increases to the temperature of frozen soils at the foundation bed.
The solution to this problem depends on choosing the right approach to stabilizing and restoring the temperature condition in the soil at the foundation, as well as timely detection of changes to the thermal condition of frozen soils, uncovering the causes and carrying out compensatory measures.
As shown by the present article, the methodological approach is based on principles eliminating the impact of thermal sources on the frozen soil, including the technologies aimed at diverting heat away from the soil mass. Besides this, the compensatory measures which were developed allowed to decrease the probability of soil subsidence in the underground sections of the oil pipeline route with thermokarst.
This methodology was implemented in the form of compensatory measures, including:
1. Installing a 200-mm thick thermal-insulating layer on the oil pipeline. 2. Mounting pipe hangers of the oil pipeline where it was buried. 3. Installing soil-temperature stabilizers.
Currently, it can be seen from the results of geotechnical monitoring carried out by the Centre for Monitoring and GeoInformation Systems of Pipeline Transportation Facilities of Pipeline Transport Institute st soils. This indicates that the choice to eliminate the influence of the primary factors on the thermal condition of frozen soils at the foundation of this underground oil pipeline at the Olyokminsk test site was methodologically sound.
Conclusion
On the basis of results from these studies, primary and secondary factors were identified that affect the thermal condition of frozen soil at the foundation of an underground oil pipeline.
The research showed that the presence of a correlation between the average annual air temperature and the temperature of frozen soil at the foundation of the oil pipeline, at a depth of zero annual amplitude, which indicates that the climate contributes to the change in thermal conditional of frozen soil at the pipeline foundation at the given location. At the same time, the small range of data for average annual air temperature and soil temperature at a depth of zero annual amplitude, located at a small distance from the oil pipeline (10-13 m), does not allow for an objective evaluation of the climate's impact on the change in the condition of soil at the foundation. This would require further studies.
It is also worth noting that apparently in the long-term the impact of the climate on the thermal condition of the soil at the pipeline foundation of an oil pipeline will increase. Climate impact on the thermal condition of the frozen soils mass is also possible in the short-term. However, this would be only part of the background of technological impacts, especially in terms of construction and installation works carried out in a programme of technical upgrades and capital repairs.
The relationships obtained between the thermal condition of soil at the foundation of the underground oil pipeline before and after reconstruction, at a first approximation, indicate the positive dynamic of aggradation in frozen soils. This allows a conclusion to be made about the methodologically correct choice of technical solutions in reconstructing sections of the underground oil pipeline route, located in permafrost soil.
